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The chemical and electronic structure of the interface between liquid water and a Culp(t8ise)

film surface was studied with synchrotron-based, high energy-resolution soft x-ray emission
spectroscopyXES). By probing the local environment around the sulfur atoms, an x-ray-induced
sulfate formation at the Culn(S,Sepurface can be monitored, correlated with a substantial
enhancement of sodium impurity atoms from the Culn(S,Siéh and its glass substrate. The
results demonstrate that, with XES, an experimental probe is availalitesitu study chemical
reactions at liquid—solid interfaces or at surfaces in a high-pressure gas environment in a chemically
sensitive and atom-specific way. @003 American Institute of Physics.
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The development of experimental methods to probe theatalytic studies in gas cells at up to 0.5 mbar.is the
properties of liquid—solid interfaces or of surfaces in a high-purpose of this communication to demonstrate that spectro-
pressure gas atmosphere is of fundamental importance f@copic photon-in-photon-out experiments with high energy
understanding a multitude of natural and technological proresolution in the soft x-ray regimédenceforth called “x-ray
cesses. Several such experimental methods have been dewahission spectroscopy’XES?)] can be performed to inves-
oped, e.g., for probing local orderihg and surface phase tigate the chemical and electronic properties of particular at-
transitions® To date, however, only a few experimelésg.,  oms at liquid—solid interfaces, and that it is hence possible to
Refs. 4 and bhave been performed to learn about the elecmonitor interfacial chemical reactions situ.
tronic properties, for example about valence states, chemical In the present study, we have investigated the
bonds, and interfacial species. This is particularly true if anyater—Culn(S,Se) interface, which is of practical impor-
atom-specific point of view is desired, i.e., a local probetance in photovoltaics. Culn(S,Se)CISSe® is widely used
which gives experimental evidence about the immediateas an absorber material in thin film solar cells, and high
electronic environment of a certain atomic species at the inconversion efficiencietup to 19.2% have been achievéd.
terface. While in surface science experiments such informaapart from being a model system for the present investiga-
tion can easily be derived from photoelectron spectroscopyion, the water—CISSe interface is of large importance for
(PES, this approach is not viable for the study of liquid— two reasons. First, a complete CISSe solar cell is comprised
solid interfaces or gas—solid interfaces under high pressurgf several thin film layers, the two most important being the
due to the limited information depth of PES. The necessity tac|SSe absorber and a thiapprox. 20 nnCdS buffer on top
probe “through” a liquid(or solid) layer calls for photon-in-  of it. At present, most high-efficiency cells are produced with
photon-out experiments, and such approaches have been felys |ayers deposited in a chemical bath deposit@BD)
lowed in the IR, visible, and UV ran§8 as well as for hard  from thiourea and Cd acetate in an aqueous solution of
x-rays.~* The soft x-ray regime, however, which is most ammonial! Hence, the possibility to study liquid—solid in-
suitable to study core and valence states of light elementgerfacesin situwill allow the monitoring of the substrate, the
has not yet been explored, mostly due to the higher attenugyrowing film, and the interface formation process during the
tion of soft x-rays in matter, with the notable exception of cgp from a spectroscopic point of view. Second, one of the
main issues on the way to a complete industrial product is
dElectronic mail: heske@physik.uni-wuerzburg.de the control of humidity impact on the electronic and chemi-
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FIG. 1. (Color) Schematic diagram of the experimental setup. i
b) PIVac/CISSe
cal cell properties. Damp—heat tests to simulate an acceler- semi-new spot
ated lifetime(e.g., IEC 61646show that, at present, nonen-
capsulated cells can suffer a performance loss under
humidity? The investigation of the relevant water—solid in-
terfaces is expected to shed light on the chemical and elec-
tronic changes induced by the humidity on an even further
accelerated time scale. FIG. 2. Sly; x-ray emission spectrdexcitation energy 200 eVof a

High-resolution XES was performed at beamline 8.0 ofcuin(S,Se) (CISS8 thin film solar cell absorbe(a) taken from the produc-
the Advanced Light Source, Lawrence Berkeley Lab, at arion process(b) seen through a Lm polyimide (P1) window, and(c), (d)
excitation photon flux of up to % 10'° photons/sec near the Under an additional 1.Am water layei(c) new sample spotd) old sample

spofl. All spectra are normalized to the respective sulfide p&bk the

sulfur L, 3 edge. The energy scale of the spectrometer wagagnification factors are given on the right hand side.
carefully calibrated as described in Ref. 13. Thin films of
Cu(In,Ga)(S,Se) (Ref. 9 were prepared in a rapid thermal
process(RTP) of elemental precursor layers on Mo-coatedand, due to the local nature of the excitation, is indicative of
soda—lime glass in a sulfur-containing environménBoft  sulfur—copper bonds. In short, the spectral features of the
x-ray experiments have to be performed in ultra-highsulfur XES spectrum give detailed information about the lo-
vacuum(UHV), and hence we used suitably designed stain€al chemical bonding of sulfur atoms, which can be used to
less steel liquid mini-cells, glued to the CISSe sample surmonitor interfacial processes.
face with a UHV-compatible epoxy. A channel of 13n The spectra in Fig. 2 are normalized to give the same
thickness and 1 mm width was created between the CISSmaximal count rate of peakl). The utilized normalization
surface and a um-thick polyimide(PI) window by insert- factors are indicated at the right hand side of Fig. 2. The
ing an Al spacer layefsee Fig. 1 The channel was filled observed signal intensity is reduced by both the Pl window
with high-resistance %10 M) multiple-purified water as well as the liquid water layer. In detail, we find a reduc-
(Millipore Milli-Q ) and sealed. After hardening of the epoxy tion of a factor of 12 for the Pl alone and an overall reduc-
(approx. 24 hours the complete assembly was transferredtion of a factor of 16 to 23 for the combined Pl and water
into UHV. In future setups, the liquid cell is filleid situand  attenuation. These attenuation factors indicate the necessity
operated in a flow-through mode. Also, a high-pressurdo use high-flux excitation from a third generation synchro-
(>1 bar) gas cell will be employed. Reference experimentdron. The different normalization factors féc) and (d) are
were also conducted on “bare” CISSe films as well as ondue to a damage of the Pl window by extended exposure to
P1/Vacuum/CISSe sandwich structures. x-rays, leading to an apparent blackening of the window.

Figure 2 presents a set of sulfug 4 emission spectra A closer inspection of the bottom two specfi@ and
obtained by photon excitation well above the absorptionb)] reveals that no significant changes are observed for the
edge (w=200eV). The bottom spectrum was obtainedPIl/Vacuum/CISSe samplas expected However, we find a
from the “bare” CISSe film surface, i.e., taken directly from reduction of the intensity associated with sulfur—copper
the solar cell production line. The spectral features markethonds[peak 3, solid region in spectfa)—(c)] due to the 24
(1)—(3) are due to the creation of S 2p core holes and subhour storage “under water[spectrum(c)]. An even more
sequent filling with valence electrofh$!® Peak (1) stems pronounced spectral change is observed after 30 minutes of
from S 3s-like valence states of sulfidic sulfur atoms. Peakgxposure to x-ray$spectrum(d)]. This spectral change is
(2) are assigned to valence states with strong In 5s contribunterpreted as a sulfate formation at the water/CISSe inter-
tion. Furthermore, at the same energy, emission involving 3face(since no S atoms are involved at the Pl/water intejface
states from sulfur atoms in an oxidized environmémg., as discussed in conjunction with Fig. 3.
from surface contaminatigns observed. The broad peé&® In Fig. 3, a series of sulfur XES spectra is plotted as a
stems from Cu 3d states in the upper valence band of CISSenction of measurement timé.e., as a function of soft
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x-ray beam itself, but can also be triggered by other external
influences(e.g., temperature change, injection of a reactant,
light exposurg Further experiments will therefore include
Cdso, schemes to minimize the x-ray induced effects, e.g., by using
o) = a continuous flow to avoid heating of the liquid.
d)-0.76x a) Apart from a detailed look at the chemical and electronic
environment ofsulfur atoms, XES is of course also capable
HO/CulnSSe), | of investigating other atomic species. In the present case,
particularly the Na K emission line proves to be a further
helpful tool to monitor the interfacial reaction at the water—
d) 30 min CISSe interface. Na plays an important role for the CISSe
solar cell performance. Usually originating from the soda—
lime glass substrate, it has been shown to substantially im-
€) 20 min prove the efficiency of the cells. This is due to an improved
morphology as well as an improvement of the electrical pa-
rameterqfor a detailed discussion, see Ref)1@ntil today,
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) 10 min the impact of sodium has not been fully clarified, mostly
M a) 0 min because the improvements are manifold and hence not easily
R R T exposure isolated. While it might be argued that Na is incorporated
45 150 155 160 165 into the bulk of the CISSe grains and acts as a “dopant,” it
Emission Energy (eV) appears that it is mostly located at the grain surfdeaser-
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FIG. 3. Sly3 x-ray emission spectra of the water—CISSe interface with nal_and internal In our case, we find that Na is a!mOSt
increasing excitation dose. All spectra were normalized by excitation flux €Ntirely located at the external surface of the CISSe film and
While the spectrum on a previously unexposed sample @easembles a close to the CISSe—Mo back contact. In the surface-near
pristine CISSe spectrurfwith reduced intensity of the S—Cu bondsew region, the Na coverage at internal surfatgsain bound-

spectral features appear with increasing experimental tirre(d). The dif- - . .
ference plot(e) [(d) minus(a) with a suitable weighting factor of 0.7&ef. arles) is at least one order of magthde less than on the

9
16)] reveals the formation of a sulfate species, as is apparent by comparingXternal surfacé’
with the CdSQ reference spectrurgtop). Kronik et al. suggested a defect chemical model for the

effect of Na on the surface chemistry and electronic proper-

X-ray exposure at the start of each spectrumthis case, the ties of Cu(In,Ga) Sgbased on a catalytic Na-enhancement of
H,O/CISSe-spectra are normalized by the excitation photogurface oxidation'” Nevertheless, to our knowledge only
flux. Each spectrum was collected for ten minutes, with spectather indirect experimental evidence of a chemical interac-
trum (a) starting on a freskipreviously nonexposgdsample  tion between sodium and oxygen has yet been reptéd.
spot[spectra(a) and (d) in Fig. 3 are identical to the two Here, a direct correlation between the Na content at the
topmost spectra in Fig.]J2In the course of time two particu- CISSe surfacéor, more correctly, at the water—CISSe inter-
lar spectral features increase in intensity: a double-peaf@ce and the surface oxidation is found, as shown in Fig. 4.
structure around 154 eV and a single broad peak at 160.8 eV¥he experimental setup allows a simultaneous recording of
The spectral variations are most clearly observed in the difCu L, 3 and Na K emission lines, and hence all spectra can
ference spectrunte), in which 76% of spectrunta) is sub-  be normalized by the intensity of the Cy mission line. As
tracted from spectrurtd).'® Clearly, the difference spectrum expected, we find a small Na signal on the CISSe surface
reveals spectral features which coincide with the features olfabout 1% of a surface monolay&; which does not change
served for sulfur in an oxygen-containing environment, suchin intensity for the Pl/Vacuum/CISSe sample. Also the 24-
as CdSQ (topmost spectrum, taken from Ref.)1Zhe emis-  hour storage under watépectrum labeled “PI/KHO/CISSe”
sion at 160.8 eV stems from occupied states with a strong $ Fig. 4) leads only to a small increase. In contrast, when
3d-like character, and its intensity relative to the peaksexposing the sample to the soft x-ray beam, we find a dra-
around 154 eV indicates a formation of S®ith x~4. Fur-  matic increase of the Na content at the interface in the course
thermore, we also find a reduction of the sulfide pgadak of time, in parallel with the above-discussed surface oxida-
(1) in Fig. 2], indicating that sulfur atoms, which were pre- tion (sulfate formation The sulfate formation is particularly
viously bound in a sulfide environment, now “see” a sulfate observed at lower excitation energiésere: =200 eV,
neighborhood. viz. Fig. 3, and 550 e)/ and is much weaker at 1100 eV.
We hence conclude from Fig. 3 that the exciting x-ray Therefore, the upper four spectra in Fig. 4 v
beam induces a sulfate formation at the water—CISSe inter=1100 eV) were not taken in one series, but rather in several
face, analogous to the well-known photochemical sulfate forseries with intermittent exposure at 200 and 55G%®V.
mation found for, e.g., CdS in humid environments and  Apparently, the possibility to form a sulfate species at-
bright visible light, and can hence be used to study suchtracts Na atoms from the CISSe/Mo back contact of the solar
processes under accelerated conditions. This may be of sigell towards the surface. At present, a discussion of the ori-
nificant importance when analyzing the long-term stability ofgin of this effect is speculative, but two explanations appear
solar cells under ambient conditions. Of course, such readeasible. First, the original driving force could be the x-ray-
tions do not necessarily need to be induced by the probininduced creation of & and OH™ ions in the liquid, which
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" T " T " plications, from biological system&.g., proteins or mem-
XES brane$ in solution to anin situ monitoring of industrially-
hv=1100 eV

relevant film growth processes in liquid cells.g., in an
electrolytic cel), is now experimentally feasible and is hence
expected to add a novel point of view in many fields of
science.
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